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3.1.
Environmental TEM: 13 Figure 1a is a frame extracted from a video (Movie S1, frame rate of 10 s -1 ) of SWCNT growth 14 from a (2.5 ± 0.04) nm diameter Co catalyst particle (uncertainties represent the deviation from a perfectly 15 spherical shape) supported on MgO. As reported earlier, the metal particle converts to a carbide phase 16 with continued exposure to C2H2, before nucleating a SWCNT [15] The video sequence used here was 17 captured after the nucleation of a SWCNT with its rim anchored to the particle, enclosing approximately 18 one-third of the top portion of the particle (marked by arrows in Figure 1a and 1d). Within this individual 19 (2.5 ± 0.04) nm diameter particle, two distinct regions with different structures and a clear boundary, can 20 be visually identified (Figure 1a and 1d): a region of the particle that is mostly enclosed in the SWCNT 21 (R1), and the rest of the particle (R2). By measuring lattice spacings and angles from the fast Fourier 22 transforms (FFTs) of the high-resolution images (Figure 1b and 1c) , the structures of the regions R1 and 23 R2 are identified as Co metal and Co2C, respectively ( Figure S5 and Table S1 ). While the co-existence of 24
Co, Co2C and other related phases in an active catalyst particle has been reported [14] , 'direct evidence ' 1 in the images showing two structures with a pronounced boundary has not been reported before. Ex situ 2 electron diffraction studies of Co have also reported the formation of Co3C and Co2C at 450 °C and 500 3 °C, respectively, that decomposed to Co upon heating above 650 °C [34] . It is possible that such metasta-4 ble structures with clear boundaries co-exist in nanoparticles under non-equilibrium conditions and can 5 only be revealed by high resolution images acquired under reaction conditions. 6
In addition to the co-existence of these two distinct structures, their respective areas (R1 and R2) 7 are observed to fluctuate during SWCNT growth (Figure 1e-h) . In order to quantitatively evaluate the 8 relative areas of R1 and R2, and their evolution with time, careful measurements of distances between 9 individual atomic columns in each frame are required. We establish an image processing scheme (IPS) 10 that locates the atomic-column positions in each frame, measures the average first nearest-neighbor dis-11 tance for every individual column, and then assigns atomic columns as belonging to the Co metal (0. and then decreases at 40.0 s (Figure 1h ). The variation in sizes of R1 can be attributed to the difference 18 between the rate of carbide decomposition (r1, equation 1) and formation (r2, equation 2). This leads to a 19 decrease (xC) or increase (yC) in the total carbon amount (Δ(t)) in the particle (equation 3) under non-20 equilibrium conditions. 21 The data-rich IPS results are also employed to evaluate the carbon content in the particle at any 2 given time. We first carefully measure the carbon distribution within the particle in one frame (Figure 2a) . 3
The ratios of carbon to Co (C:Co) in each atomic layer are shown in Figure 2b , where layer 1 is in contact 4 with the MgO support and layer 10 is the top surface that is enclosed by the growing SWCNT (red arrow). 5
We find that the C:Co ratio is 0.5 in the first three atomic layers, and then gradually drops down to 0. 
Experimentally, the number of carbon atoms in the nanoparticle at time t (Cp(t)) can be obtained 1 from individual frames of the growth video by measuring the volume of the Co2C region, relative to the 2 volume of the catalyst particle ( Figure S6 ). Figure 2c shows the variation in Cp(t) as a function of time. 3
The amount of carbon inside the particle fluctuates aperiodically until the supply of carbon precursor is 4 ended. For instance, the amount of carbon drops to (163 ± 3) atoms at 3.6 s, increases again to (210 ± 3) 5 atoms at 9.8 s, and then drops to (162 ± 3) atoms at 16.5 s. A moving average of 10 frames is applied to smooth the data (raw data in Figure S8 ).
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The carbon amount in the catalyst particle and in the tube at specific time intervals can be com-11 pared from the data provided in Figure 2c and 2d. As the number of carbon atoms added to the tube 12 increases in the time period between 10.0 s to 15 s (Figure 2d ), Cp(t) decreases (Figure 2c ). On the other 13 hand, Cp(t) increases until 23.8 s while the tube growth rate decreases to a local minimum. These com-14 parisons suggest that the variations in the particle composition, i.e. low and high carbon concentration, in 15 the measured time period might be inversely related to SWCNT growth rate (Figure 2c In order to better relate the carbide formation and decomposition reactions to the tube growth, we 5 examine the trajectories of individual C atoms in a Co nanoparticle by reactive molecular dynamics sim-6 ulations (RMD) and identify the role of different types of C atoms and their contribution to the growth 7 process. The RMD simulations were performed on a model 1.8 nm diameter Co2C particle deposited on 8 a rectangular monolayer substrate in an atmosphere of a C precursor gas model (P ≈ 18,000 Pa, Figure  9 3a). The particle size was intentionally kept smaller and the reaction conditions, such as carbon precursor 10 pressure, more aggressive in the simulations than in the experiment in order to decrease the calculation 11 time needed to observe complete events from the simulations. We note that recent advances on accelerated 12 molecular dynamics and hyperdynamics simulations have been reported and new methodologies are cur-13 rently being developed such as collective variable-driven hyperdynamics (CVHD) [38] or hybrid ap-14 proaches that combine reactive molecular dynamics with time-stamp force-bias Monte Carlo simulations 15
[39], both of which could satisfactorily reproduce the dynamic behavior of reactive systems up to time 16 scales of seconds without altering reaction conditions [38] . Previous studies using the current approach 17 have shown that the mechanisms of nucleation and growth are the same for different particle sizes [18] . 18
The kinetics are also analogous for different particle sizes that are predominantly involved in diffusion on the particle surface (SD), or 2] in the bulk (BD) before 22 becoming part of the growing nanotube structure or 3] atoms that remain dissolved in the nanoparticle for 23 prolonged periods of time, which makes them candidates for participation in carbide formation (CF) (Fig-1 ure S1). 2
After the nanotube cap is formed and the nucleation stage concluded, the carbon concentration 3 in each atomic layer is obtained by calculating the ratio of z-density profiles for each atomic species (Co 4 and C) in each layer ( Figure S2 ). The C:Co ratios from each atomic layer are averaged over 5 ns in three 5 different reaction time zones (35 ns to 40 ns, 40 ns to 45ns and 45 ns to 50 ns). In each time zone, the 6 ratio decreases linearly along the normal away from the substrate plane (direction guided by the arrow in 7 Figure 3a ) from 0.8 to 0.2, and stabilizes in the 4 th layer at approximately 0.2 (Figure 3b ). It is noted that 8 the carbon concentration profile corresponding to the growth stage (Figure 3b ) has similarity with that of 9 the nucleation stage reported in our earlier work [27] , which indicates that such carbon gradient starts to 10 be generated at earlier times and consolidates at the growth stage. This analysis does not include the pure 11 metal layer in contact with the support, as C atoms undergo repulsion from the support and the first peak 12 of C atoms from the z-density profiles is located closer to the second Co peak than to the first one (Fig.  13 S2). Although the particle size is smaller in the simulation than in the experiments, both of them show 14 that carbon stays inside the particle, and the C:Co ratio drops moving perpendicularly away from the 15 substrate plane and remains at ≈ 0.2 in the particle region located inside the growing SWCNT (Figure 2b  16 and 3b). For the layer that is in contact with the substrate, the C:Co ratio can be as high as 0.75 in the 17 simulation, which includes SD, BD and CF types of C atoms. This ratio is restricted to a maximum value 18 of 0.5 in the experimental measurements, as from the images we can only identify the carbon amount 19 associated with the Co2C phase and not the dissolved C atoms, if present. Moreover, the C:Co ratio for 20 each atomic layer in time zone 45 ns to 50 ns is generally lower than those for the other two time zones; 21 especially the ratio in layer 4 (≈ 0.1 in 45 ns to 50 ns time zone) implying that the total carbon amount in 22 the particle varies during SWCNT growth, which agrees with our experimental results. Yellow or light blue regions indicate an increase or decrease, respectively, in either growth rate or carbon 9 concentration in the particle. (e) Nanotube growth rate (surface diffusion contribution not included) esti-10 mated directly from the total number of atoms that leave the particle versus time. 11 12
To further examine the role of carbide in nanotube growth, a thorough atomic balance of C atoms 13 from the RMD trajectories is performed. The C atomic balance equation (equation 4) shows that the car-14 bide decomposition rate, r1, is a function of three components. They are the carbon dissolution (carbide 15 formation) rate, r2, (Figure S3 ), the variation of C content in the particle with time, dC/dt, and C diffusion 16 across the C gradient in the particle, ( 2 ) ( Figure S3 ).
As estimated from the RMD trajectories, the carbon atoms rate (r2) is 1.50 ⋅ns -1 ( Figure S4a , we 2 note that rates reported from RMD calculations are much larger than actual experimental rates due to the 3 accelerated nature of these simulations). In contrast, dC/dt exhibits a fluctuating behavior in agreement 4 with experimental observations (Figure 3c and 2c, respectively) . Molecular transport of C atoms inside 5 the particle is described in equation 4 as the product of the diffusion coefficient of atomic carbon in the 6 particle multiplied by the variation of the carbon concentration gradient across the nanoparticle. The dif-7 fusion term (Dc) is estimated from the mean-squared displacement and Einstein's diffusivity equation 8 ( Figure S4b ). The variation of the carbon gradient in the direction perpendicular to the substrate is esti-9 mated from the C composition profiles by fitting the curves in Figure 3b to a quadratic function and 10 analytically calculating the second derivative with respect to position in the z-direction. We find that the 11 diffusion coefficient is (1.29 ± 0.07) × 10 -11 m 2 ⋅s -1 , which is in agreement with reported diffusion coeffi-12 cients of C dissolved in transition metals such as Ni (ranging between 10 -11 m 2 ⋅s -1 and 10 -10 m 2 ⋅s -1 ) [18], 13 and the second derivative of the carbon concentration per nm 2 varies between 0.14 carbon atoms and 14 0.23 C atoms. Thus, by knowing r2, dC/dt and ( 2 ), r1 is obtained via equation 4 as a function of time 15 (Figure 3d ). In addition to obtaining the rates of carbide decomposition (r1), the overall tube growth rate 16 is also determined by monitoring independently the carbon atoms that leave the particle (Figure 3e ). De-17 spite the accelerated dynamics intrinsic to our simulation model, the results obtained are in qualitative 18 agreement with experimental measurements. The calculated r1 has the same fluctuations as the tube 19 growth and its value is consistently lower than that of the tube growth by approximately 2 carbon atoms 20 per ns. This observation is in qualitative agreement with experimental results (Table S2) , which find the 21 number of carbon atoms integrated into the SWCNT to be larger than the number of carbon atoms ejected 22 from the bulk of the particle by a factor of 2. This implies that the carbon from the carbide decomposition 23 is forming the tube and the difference suggests that another C source is contributing to the tube growth. 24 RMD simulations show that a considerable percentage of C atoms in the catalytic process partic-1 ipate in surface diffusion, which fluctuates between 15 % and 55 % ( Figure S1 ). Some of these carbon 2 atoms diffusing on the surface may become part of the nanotube as a function of time as illustrated in 3 Figure 4 . The growth rate due to surface diffusion is estimated to be 1.03 carbon atoms⋅ns -1 from the slope 4 of the straight line that fits the data. These results indicate a constant addition of C atoms to the nanotube 5 from C atoms diffusing on the surface, in contrast to the fluctuating behavior originating from C atoms 6 diffusing out of the particle bulk. 7 8 Figure 4 . Simulated number of surface diffusing carbon atoms added to SWCNT versus time. The 9 rate of growth due to surface diffusion is estimated to be the slope of a straight line fit to the data relating 10 the number of surface carbon atoms incorporated into the nanotube and time. The fit has a coefficient of 11 determination of 0.98. 12 13
CONCLUSIONS: 14
To summarize, both atomic-resolution images and RMD simulations show that two distinct 15 phases; Co and Co-carbide phases co-exist in a single catalyst particle during SWCNT growth. The car-16 bon-rich phase (carbide) is generally in contact with the support (MgO), and the carbon-poor Co is away 17 from the support and in contact with the SWCNT rim. We propose that the carbon feedstock from the 18 precursor decomposes at the catalyst surface, and part of the resulting carbon diffuses into the particle to 1 form metal carbide. Once the tube forms and partially covers the particle surface, the carbon may not be 2 able to diffuse into the particle efficiently, making the carbide phase unstable. Therefore, a carbon-de-3 pleted region that is covered by the tube rim is present during growth. Such a carbon gradient acts as a 4 driving force causing carbon atoms to diffuse over the particle towards the surface. This resolves the 5 mechanism of carbon diffusion in particle sizes below 5 nm. This mechanism is in contrast with the one 6 previously proposed by Baker et al., who suggest that the driving force of carbon diffusion is due to a 7 temperature gradient, despite the fact that it is very difficult to sustain any significant temperature gradient 8 in such small particles [42] In the real-time videos, volume ratios of these two phases change as a function 9 of time, consistent with the fluctuating measured SWCNT growth rate. The simulations indicate that the 10 rate of tube formation from surface diffusion is constant, while the fluctuating growth observed both ex-11 perimentally and in simulation suggests that bulk processes within the particle are important. By employ-12 ing automated image analysis of the large data set (generated by the real-time atomic-resolution videos), 13 we provide first quantitative experimental evidence that the carbon concentration profile developed inside 14 the catalyst is a critical determinant in tube formation, and that the tube growth rate depends on the rates 15 of carbide formation and decomposition. These results are further corroborated by RMD simulations. We 16 also show that this new approach to probe the atomic scale mechanisms for heterogeneous catalysis. ing reactants onto its surface, where the energies for specific bonds to dissociate and/or combine with 4 other species (to form desired intermediate or final products) are lower. Here, using the catalytic growth 5 of single-walled carbon nanotubes (SWCNTs) as a prototype reaction, we show that the chemical pathway 6 may in-fact involve the entire catalyst particle, and can proceed via the fluctuations in the formation and 7 decomposition of metastable phases in the particle interior. We record in situ and at atomic resolution, the 8 dynamic phase transformations occurring in a Cobalt catalyst nanoparticle during SWCNT growth, using 9 a state-of-the-art environmental transmission electron microscope (ETEM). The fluctuations in catalyst 10 carbon content are quantified by the automated, atomic-scale structural analysis of the time-resolved 11 ETEM images and correlated with the SWCNT growth rate. We find the fluctuations in the carbon con-12 centration in the catalyst nanoparticle and the fluctuations in nanotube growth rates to be of complemen-13 tary character. These findings are successfully explained by reactive molecular dynamics (RMD) simu-14 lations that track the spatial and temporal evolution of the distribution of carbon atoms within and on the 15 surface of the catalyst particle. We anticipate that our approach combining real-time, atomic-resolution 16 image analysis and molecular dynamics simulations will facilitate catalyst design, improving reaction 17 efficiencies and selectivity towards the growth of desired structures. 
